Activity of the enzyme ADPglucose pyrophosphorylase is known to be reduced in maize (Zea mays L.) endosperm mutants at two independent loci, Shrunken-2 (Sh2) and Brittle-2 (Bt2). Spinach leaf ADPglucose pyrophosphorylase has previously been shown to comprise two subunits of 51 and 54 kilodaltons. Antibodies raised to each of the two subunits of spinach leaf ADPglucose pyrophosphorylase were found to cross-react to different bands on Western blots prepared from polyacrylamide gel electrophoresis separated wild-type maize endosperm proteins. The anti-spinach leaf 51 kilodalton subunit antibody cross-reacted with a 55 kilodalton maize endosperm protein and the antispinach leaf 54 kilodalton subunit antibody cross-reacted with a 60 kilodalton maize endosperm protein. These immunological reactions were observed in maize endosperm extracts and with a highly purified preparation of maize endosperm ADPglucose pyrophosphorylase. Mutant bt2 endosperm lacked the 55 kilodalton subunit while mutant sh2 endosperm lacked the 60 kilodalton subunit on Western blots. These results suggest that the maize endosperm ADPglucose pyrophosphorylase is made up of two immunologically dissimilar subunits and that the bt2 and sh2 mutations cause reduction in ADPglucose pyrophosphorylase activity through the lack of one of these two subunits. An ADPglucose pyrophosphorylase cDNA clone antigenically selected from a rice seed cDNA expression library was found to hybridize strongly with a cDNA corresponding to a maize endosperm transcript which is absent in a W64A bt2 mutant. Thus, the bt2 mutant causes the absence not only of the small subunit but of the corresponding transcript. Bt2 is implicated as the structural gene for the small (54 kilodalton) subunit of maize endosperm ADPglucose pyrophosphorylase.
ADPglucose pyrophosphorylase has been implicated as a key regulatory enzyme for starch biosynthesis in both leafand storage tissues (14) . Mutation at the independent loci Shrunken-2 (Sh2) and Brittle-2 (Bt) results in dramatic reduction of maize endosperm ADPglucose pyrophosphorylase activity (7, 17) as well as approximately 25% of normal starch content (4, 6, 17) . However, the mechanism by which these mutants cause reduction of enzyme activity had not previously been established. Those ADPglucose pyrophosphorylase enzymes which have been characterized to date from both plant and bacteria have native molecular masses ofapproximately 200 kD (15) . Maize endosperm native enzyme is 230 kD by gel filtration analysis (13) . Bacterial ADPglucose pyrophosphorylase have been found to be homotetramers of a single subunit having approximately 50 kD molecular mass. On the other hand, the ADPglucose pyrophosphorylase of plants appears to be made up of two subunits. Thus, spinach leaf ADPglucose pyrophosphorylase has been purified to homogeneity and has a native molecular weight of 206 kD (5) . The purified enzyme consists of large and small subunits of molecular mass 54 and 51 kD as determined by SDS gel electrophoresis. Rabbit polyspecific antibodies have been prepared to purified spinach leaf subunits (12) . Antibodies to each subunit did not cross react to the other subunit. These antibodies have been used to demonstrate the presence of two subunits in the enzyme from Arabidopsis thaliana leaf ( 10) (13) using DTT instead of DTE. The grinding buffer was made just before grinding so that the added PMSF and DTT were fresh. The suspension was centrifuged at 3000g for 20 min. The pellet was reextracted with 150 AL of grinding buffer and centrifuged again at 3000g for 20 min. The supernatants were combined to be assayed.
Assay for ADPglucose Pyrophosphorylase Activity
The assay used was that of Plaxton and Preiss in the pyrophosphorylase direction (13) . Five ItL ofthe crude extract was routinely used for assaying. Ten ,uL of 100 mM NaPPi initiated the reaction. Concentrations of the components of the reaction mixture and controls for the assay were the same as previously described (13) . A unit of activity was defined as I ,umol of glucose-1-P formed in 1 min.
Crude Extract Preparation for Gel Electrophoresis
The grinding buffer was 15 mM Tris-HCl (pH 8.0), 2 mM DTT, 1 mM EDTA, and 1.5 mm PMSF. Three kernels were ground at once in 100 ,uL of grinding buffer as described above. Suspensions were centrifuged at 3000g for 20 min. The supernatant was spun in an Eppendorf microcentrifuge for 6 min. The resultant supernatant was removed for loading on the gels. Protein concentrations for all crude extracts were determined using the procedures of Smith et al. (16) with bovine plasma albumin as the reference standard.
Electrophoresis of SDS Gels and Western Blotting
Electrophoresis was carried out based on the procedure of Plaxton and Preiss (13) . Gels wee electroblotted onto nitrocellulose membranes for 1 h at 0.8 to 1.0 amp using a Transphor TE 42 electroblotting apparatus (Hoeffer Scientific Instruments). Transfer buffer used was that of Burnette (3) . After electroblotting gels were stained for protein with Coomassie blue R-250. Nitrocellulose membranes were incubated for 1 h at 37°C in a blocking buffer of 50 mm Tris-HCl (pH 7.5), 150 mm NaCl, 0.1% NP-40, and 1% BSA. The blocking buffer was discarded and replaced by a primary antibody dilution. Antibodies used were affinity purified rabbit antispinach leaf ADPglucose pyrophosphorylase IgG (13) and affinity purified rabbit antibodies raised against spinach ADPglucose pyrophosphorylase upper and lower subunits (12) . The membranes were incubated with the antibody dilution at 37°C for 1 h. Nitrocellulose membranes were then washed five times for 5 As seen in Table I the specific activity observed for ADPglucose pyrophosphorylase with the bt, and sh, endosperm extracts were about 3 and 6%, respectively. These results are in agreement with previous observations by Tsai and Nelson ( 17) and Dickinson and Preiss (7) .
Immunological Studies
Rabbit antibodies to spinach ADPglucose pyrophosphorylase native, small subunit and large subunit were used to specifically detect ADPglucose pyrophosphorylase subunits in Western blots of wild-type, btr and sh, W64a maize endosperm as well as spinach leaf proteins (Figs. 1-3 ). Antispinach leaf holoenzyme antibody detects two bands in wild-type maize endosperm extracts (Fig. 1, lane 5 ; see also in Fig. 4A , lane 1). The upper band observed for wild-type enzyme was not noted before in Western blots of maize enzyme with antispinach leaf ADPglucose pyrophosphorylase (13) . The band positions correspond to peptide molecular masses of 55 and 60 kD. Extracts from bt, endosperm show only the 60 kD (Fig. 1, lane 6 ) band while extracts from sh, endosperm show only the 55 kD band with the same antiholoenzyme antibody (Fig. 1, lanes 7 and 8) . Spinach leaf purified enzyme shows the two spinach ADPglucose pyrophosphorylase subunits at 51 and 54 kD (12) . No bands were observed with pre-immune serum (Fig. 1, lanes 1-4) .
Antispinach leaf 51 kD subunit antibody detects a single 55 kD band with Western blots of wild-type and sh, maize endosperm extracts (Fig. 2, lanes 2, 3, 5, and 6 ). This antibody does not cross-react with bt2 endosperm extract (Fig. 2, lanes  4 and 7) . A control lane with the spinach enzyme shows the 51 kD subunit as well as a small amount of cross-reactivity to the 54 kD upper subunit (Fig. 2, lanes 1 and 8) .
Anti-spinach leaf 54 kD subunit antibody detects the larger 60 kD band with Western blots of normal and bt2 endosperm extracts (Fig. 3, lanes 2, 4, 5, and 7) , while the sh2 endosperm shows no cross-reacting bands with the 60 kD band (Fig. 3,  lanes 3 and 6) . The control lane with spinach leaf enzyme indicates antibody specificity to the 54 kD subunit (Fig. 3,  lanes 1 and 8) . Figure 4 , A, B, and C show that antibodies prepared with native spinach leaf ADPglucose pyrophosphorylase, and with the separated spinach leaf ADPglucose pyrophosphorylase subunits also gave reactions with the highly purified maize endosperm ADPglucose pyrophosphorylase (13) . As shown previously (13), the highly purified maize endosperm enzyme C2-ethyl agarose fraction contained three major peptides of 98, 60, and 55 kD molecular mass. As seen in Figure 4A the native antispinach leaf ADPglucose pyrophosphorylase crossreacted with the 55 and 60 kD protein bands. The reaction was greater with the 55 kD subunit. However, antibody prepared with the 54 kD spinach leaf subunit gave a more positive reaction with the maize endosperm 60 kD subunit than with the 55 kD subunit (Fig. 4B) and the anti-51 kD spinach leaf ADPglucose pyrophosphorylase gave a strong reaction with the maize endosperm ADPglucose pyrophosphorylase lower molecular mass 55 kD subunit (Fig. 4C) . A slight reaction was observed with the 60 kD subunit and the spinach leaf anti-5 1 kD ADPglucose pyrophosphorylase. No immunological reactions were observed with the use of preimmune serum.
A previous study (13) did not detect an immunoreaction of the native anti-spinach ADPglucose pyrophosphorylase with the maize endosperm 60 kD subunit present in the crude extract. However, further and more careful studies with antibodies prepared with the separated subunits and with the native spinach leaf enzyme clearly indicated a reaction with the 60 kD subunit of the highly purified maize endosperm ADPglucose pyrophosphorylase fraction (Figs. 2-4) . The antibody to the native spinach leafenzyme gives a much stronger reaction with the maize endosperm enzyme 55 kD subunit than with 60 kD subunit. This may suggest a stronger homology between the lower molecular mass subunits (51 and 55) than with the higher molecular mass subunits (54 and 60).
DNA:DNA Hybridization
The above immunological data indicate that maize endosperm contains an ADPglucose pyrophosphorylase enzyme having two subunits which are similar but slightly larger than those of spinach. The results also indicate that sh2 maize endosperm lacks a large subunit while bt2 maize endosperm lacks a small subunit. The fact that the cDNA clones corresponding to mRNA absent in bt2 and sh2 endosperm will hybridize to mRNAs which translate 54 and 60 kD proteins (2) suggests that these mRNAs code for the large and small ADPglucose pyrophosphorylase subunits, respectively. A DNA:DNA hybridization experiment further confirms this suggestion in the case of the bt, maize endosperm mutation.
Southern hybridization experiments were performed using labeled probes synthesized from purified PstI inserts of cDNA clones, pES6-75 (RNA not present in bty) and pES6-66 (RNA not present in she). These probes were hybridized under stringent conditions against PstI digests of themselves and EcoR 1 digests of ADPglucose pyrophosphorylase cDNA clones from rice endosperms (pRE7A). As shown in Figure  SA , the probe corresponding to mRNA absent in Bt, (pES6-75) hybridizes to itself (lane 3) and to the rice endosperm insert (lane 1) but not to the pES6-66 insert (lane 2). In Figure  SB, 
